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Introduction:   
Forensic biologists and anthropologists commonly use bone samples to extract 
DNA for human identification purposes, especially from long-term cases where visible 
soft tissues are unavailable. Usually, samples are obtained from long bones of the lower 
limb, such as the femur, which has a high content of cortical bone (Yang and Watt 
2005). However, current studies (Mundorff and Davoren) suggest that bones with high 
cancellous content may be preferable to obtain the maximum amount of DNA quality 
and quantity and thus increase the accuracy of DNA retrieval. Mundorff and Davoren 
(2014) completed a study that supported this hypothesis, cancellous bone samples did 
in fact, yield a higher amount of DNA than cortical bone alone. This is owing to evidence 
that demonstrated remnants of soft tissues between the bony struts of cancellous bone 
(Andronowski et al., 2017) potentially resulting in higher DNA content than dense 
cortical bone. The discrepancy in DNA yield revealed by Mundorff and Davoren (2014) 
among cortical and cancellous bone samples was further investigated by Andronowski. 
She hypothesized that the higher amount of DNA was because the less dense 
cancellous bone could house residual soft tissue amongst the dispersed framework of 
cancellous bone (2017).   
In the Mundorff and Davoren (2014) study, a 0.2g sample of bone powder was 
obtained to test the nuclear DNA yield. This study will use clinical Computed 
Tomography (CT) scans of the skeletons sampled for DNA in the Mundorff and Davoren 
(2014) experiment to measure the amount of cortical and cancellous bone taken from 
the DNA sampling sites to assess the amount of each bone tissue type removed during 
sample procurement. Doing so will assess differences in volume between the two bone 
types that were removed during sampling at each site. The current research project is 
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designed to further understand the differential DNA preservation in the skeletal 
elements originally sampled by Mundorff and Davoren (2014). Specifically, this work 
aims to address the following research questions: (1) Do the volumes of cortical and 
cancellous bone taken from the previously acquired sample sites vary? I hypothesize 
that there will be variation in the amount of cortical and cancellous bone taken from 
each of the sampling sites depending on the composition of the skeletal elements 
tested. This variation is owing to the dense structure of cortical bone compared to 
cancellous bone. Thus, a lesser volume of cortical bone may need to be retrieved from 
each element, yet the cancellous bone tissue type consistently reveals higher DNA 
yields. 
Methods: 
 Previously, various skeletal elements representative of each bone type (n=45) 
were acquired in Mundorff and Davoren’s (2014) study that sought to determine 
differences in cortical and cancellous bone in terms of DNA quality and quantity. These 
elements were taken from seven different individuals from the William M. Bass Donated 
Skeletal Collection housed at the University of Tennessee, Knoxville from various 
postmortem intervals (PMI). A 3/8” hole was drilled into each bone to obtain a 0.2 g 
sample of bone powder which was analyzed for DNA quality and quantity. The bones 
used for the CT experiments were: femur, tibia, middle rib, calcaneus, first cuneiform, 
patella, third metacarpal, third metatarsal, first distal phalanx, and cervical vertebra. 
Each bone was scanned in a Siemens Biograph mCT 64 slice scanner by Dr. 
Andronowski, Ms. Shelley Acuff, and Dr. Yong Bradley at the University of Tennessee 
Medical Center. The CT scans were then analyzed using Osirix 10.0 (Pixmeo SARL) to 
measure the cortical and cancellous bone present at each sampling site. 
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Specifically, for this study, the sampling sites were measured manually, using 
Osirix, in the transverse plane for the femora and tibiae and the sagittal plane for the 
remaining bone elements. Due to the position of the bones during scanning, it was 
difficult to see the sampling site on the femur and tibia in the sagittal plane. On each 
slice of the CT scan datasets in which the sample site appeared, the height and width 
were taken (mm) for cortical and cancellous bone. These measurements were then 
averaged, and statistical analyses were computed using SPSS v. 24 (Chicago, IL, USA) 
statistical inference program. 
 A Repeated Measures-Analysis of Variance (RM- ANOVA) test was used to 
evaluate variance between the amount of cortical and cancellous bone present in the 
ten different skeletal elements. This test was selected over other statistical methods, 
such as a t-test, as the RM-ANOVA tests for the variance of two different parameters, in 
this case cortical and cancellous bone.   
Results:  
Each sampling site was measured manually via Osirix. An example of the 
measurements can be seen in Figure 1. The raw measurements taken for each of the 
ten bones across the seven samples can be seen in Appendix A. One of the samples 
did not have a Distal Phalanx scanned, and therefore, was only analyzed for six of the 
seven samples. After all the skeletal elements were measured for cortical width, cortical 
height, cancellous width and cancellous height, the measurements were averaged for 
each bone type across the seven samples and can be seen in Appendix A. The 
average measurements were converted to percent of cortical and cancellous bone that 
was taken from each sample site this data can be seen in Table 1.   
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Figure 1: Photo of cervical vertebra where the cancellous bone is being measured, 
cancellous width is the blue line and cancellous height is the green line.  
Table 1: Average percentiles taken from each bone element measured in percent.  
Skeletal Element Average Percent of Cortical 
Bone (%) 
Average Percent of Cancellous 
bone (%) 
Femur  95.33 4.68 
Tibia 94.06 5.94 
Middle Rib 65.96 34.03 
Patella 36.82 63.29 
Calcaneus 20.84 79.31 
Cervical Vertebra 8.04 91.96 
First Cuneiform 13.14 86.84 
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Third Metacarpal 34.67 65.31 
Third Metatarsal 34.5 65.46 
First Distal 
Phalanx 
37.07 62.9 
  
The percentile data were further divided into three categories based on the 
amount of cortical bone present: (1) 70-100%, (2) 69-30%, (3) ≤ 29%. Femur and tibia 
are the only skeletal elements to fall in the first category. The majority fell into the third 
category having somewhere between 69 and 30% cortical bone. These results can be 
seen in Table 2. 
The mean percentile data was further divided into three categories based on the 
amount of cancellous bone present: (1) 80-100%, (2) 79-60%, (3) ≤ 59%. Calcaneus, 
cervical vertebra and first cuneiform the only skeletal elements present in the first 
category. These results can be seen in Table 3.  
Table 2: Average percent of cortical bone removed from each sampling site  
Average amount of Cortical Bone (%) Skeletal Element 
70-100 Femur, Tibia 
69-30 Middle Rib, Patella, Third Metacarpal, 
Third Metatarsal, First Distal Phalanx 
≤ 29 Cervical Vertebra, First Cuneiform 
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Table 3: Average percent of cancellous bone removed from sampling site. 
Average amount of Cortical Bone (%) Skeletal Element 
80-100 Cervical Vertebra, First Cuneiform 
79-60 Patella, Calcaneus, Third Metacarpal, 
Third Metatarsal, First Distal Phalanx 
≤ 59 Femur, Tibia, Middle Rib 
 
After the percent of bone was found, RM-ANOVA tests were performed on the 
ten different skeletal elements. However, before the actual RM-ANOVA was employed a 
Shapiro-Wilk test for normality was computed. The results of this test can be seen in 
Table 4. The Shapiro-Wilk test for normality was chosen over the Kolmogorov-Smirnov 
due to the sample size being under 50. A p-value greater than 0.05 (p-value ≥ 0.05) 
indicates normality and was seen by every skeletal element over every variable except 
for the width measurements of the tibia, and the cortical measurements of the patella. If 
the measurements were considered not normal a log transformation of the data was 
applied and, the RM-ANOVA was computed on both the original and the transformed 
data to assess any differences in results. No significant differences were found between 
the log transformed and the normal data therefore, parametric tests were chosen for the 
analysis. 
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Table 4: Shapiro-Wilk test for normality results of each bone type across individuals. 
Skeletal 
element 
P-value of 
Cortical Width 
P-Value of 
Cortical 
Height 
P-Value of 
Cancellous Width  
P-Value of 
Cancellous 
Height 
Femur  0.082 0.073 0.99 0.186 
Tibia 0.010 0.439 0.016 0.256 
Middle Rib 0.608 0.222 0.189 0.102 
Patella 0.048 0.031 0.514 0.199 
Calcaneus 0.144 0.067 0.909 0.942 
Cervical 
Vertebra 
0.082 0.073 0.99 0.186 
First 
Cuneiform 
0.625 0.052 0.449 0.823 
Third 
Metacarpal 
0.103 0.718 0.308 0.438 
Third 
Metatarsal 
0.082 0.073 0.99 0.186 
First Distal 
Phalanx 
0.255 0.44 0.745 0.637 
 
 The RM-ANOVA test was computed after ensuring normality of the data. The test 
was completed ten times to assess the variance among the different skeletal elements. 
If the ANOVA test was found to be significant a post-hoc Bonferroni was performed. To 
interpret the results of the ANOVA, first the Mauchly’s Test of Sphericity was assessed. 
If Mauchly’s Test of Sphericity was not significant (p-value ≥ 0.05) then the source of 
interpretation was taken from the “Specificity Assumed” row on the SPSS output. If the 
Mauchly’s test was found to be significant, the result was taken from the “Greenhouse-
Geisser” row on the data output. The skeletal elements that were found to be significant 
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for the Mauchly’s Test of Sphericity were Femur, Tibia, Middle Rib, Patella, and First 
Cuneiform. The results of each RM-ANOVA test can be seen in Table 5. 
Table 5: Results of RM-ANOVA test for each skeletal element.  
Skeletal element Degrees of Freedom Mean Square F P-value 
Femur  1.30 75.16 67.83 0 
Tibia 1.29 56.92 45.55 0.001 
Middle Rib 1.37 9.42 1.31 0.37 
Patella 1.27 31.55 3.016 0.119 
Calcaneus 3 15.504 1.641 0.222 
Cervical Vertebra 3 16.617 11.968 0.001 
First Cuneiform 1.09 63.863 7.337 0.065 
Third Metacarpal 3 10.276 2.794 0.086 
Third Metatarsal 3 11.659 1.852 0.181 
First Distal Phalanx 3 1.538 0.29 0.832 
 
Discussion: 
 The percentiles of the average cortical and cancellous bone amount were 
relatively consistent with Andronowski (2016) findings in that long bones such as tibiae 
and femora had a much higher percentage of cortical bone than cancellous. The 
opposite is true for smaller bones such as vertebra and first cuneiform which had a 
much higher percentage of cancellous bone. Generally, long bones need to be stiff and 
strong to be able to support the body’s structure and therefore are known to have higher 
amount of cortical bone (Solís-Chávez SA, 2018).  
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The bones of the lower limb are of the strongest bones in the human body. This 
strength is necessary as these are the bones that support us while standing, walking 
running, etc. (Kumar et al 2015). Additionally, these bones must have a high amount of 
dense cortical bone to be able to withstand an immense amount of biomechanical 
stresses without breaking (Shah et al 2012). Osteoporosis and other bone degenerative 
diseases decrease the amount of cortical bone present in these crucial long bones and 
thus increase the likelihood of fracture which is becoming an increasing problem in our 
society (Tarantino et al 2016, Kanis 2002). 
The purpose of this study was to determine if variation exists in the volume of 
cortical and cancellous bone removed from DNA sampling sites on ten different skeletal 
elements. There is no variation, i.e. p-value ≥ 0.05, seen amongst the sampling sites of 
middle rib, patella, calcaneus, first cuneiform, third metacarpal, third metatarsal, or first 
distal phalanx. The inconclusive results may be due to several different factors. Firstly, a 
sample size of only seven individuals was used. Although statistically, the data met all 
the assumptions needed for the RM-ANOVA test, a larger sample size most likely would 
provide more accurate results. Additionally, using Computed Tomography and the 
Osirix program to measure bone volume is relatively subjective in that it completely 
depends on what the researcher determines is cortical and cancellous, which is likely to 
introduce error among different observers. Future studies could asses the amount of 
error that manually measuring CT scans hold by having three or so researchers 
measure the same region of interest and then comparing error rates.  
Even though most of the skeletal elements did not show variance between bone 
volumes, certain skeletal elements were successful in showing this notion. Variation 
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was found amongst the samples taken from the femora, tibiae, and cervical vertebrae. 
Coincidentally, the femora and tibiae also revealed the highest yields of cortical volume 
and the cervical vertebra provided the highest amounts of cancellous bone. The high-
volume yield demonstrates that this could be responsible for the variance seen amongst 
the samples. 
Researchers at the University of Cambridge have created freeware computer 
software called Stradwin that would help alleviate most of the bias that was experienced 
in using Osirix (Treece et al 2010). This program can measure and create a color-coded 
map of the cortical thickness present in bone samples down to 0.3mm of error. 
Originally created to assess bone thickness in patients with osteoporosis to analyze 
femur fractures, this program could easily be used in a forensic anthropological setting 
to assess cortical volume.  
Overall, these findings may help forensic anthropologists by ensuring they are 
procuring skeletal elements for human identification purposes with a high potential for 
retrieving a full DNA profile. If according to Mundorff and Davoren (2014), cancellous 
bone may provide a better DNA yield than the typically used cortical bones, it would be 
reasonable to recommend vertebrae to be used for DNA sample retrieval. Cervical 
vertebrae gave the highest cancellous yield and showed variation in the volume of cortical 
and cancellous bone. 
Conclusion: 
From our assessment of the variation in cortical and cancellous bone volumes 
between bone types, it can be concluded that skeletal elements with high cortical and 
cancellous bone volumes display the most variation among tissue types. Skeletal 
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elements that showed little to no variance in bone volume is most likely due to a small 
sample size. Overall, quantifying cortical and cancellous bone tissue volume has the 
potential to offer insight into the differential yield of DNA among different skeletal 
elements. A combination of the volumetric results along with the original DNA data 
provides a baseline dataset to conduct further histological research on osteocyte 
lacunar density, spatial distribution, and morphology using high-resolution imaging 
methods.  
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Appendix A 
 
Table A.1: Raw data for Femora measurements of all seven samples. 
Sample 
Number  
Average 
Cortical Width 
(mm) 
Average 
Cortical Height 
(mm) 
Average 
Cancellous Width 
(mm) 
Average 
Cancellous Height 
(mm) 
03-09 6.72 4.04 2.16 1.03 
05-98 5.86 3.36 N/A N/A 
07-09 8.19 3.54 5.42 0.99 
09-97 6.12 3.33 2.12 1.1 
12-90 6.36 3.13 3.06 1.64 
20-05 6.21 3.54 1.86 0.72 
21-98 6.34 3.51 2.32 0.88 
 
Table A.2: Raw data for Tibia measurements of all seven samples. 
Sample 
Number  
Average 
Cortical Width 
(mm) 
Average 
Cortical Height 
(mm) 
Average 
Cancellous Width 
(mm) 
Average 
Cancellous Height 
(mm) 
03-09 6.83 3.6 4.61 0.73 
05-98 6.27 3.8 N/A N/A 
07-09 6.93 4.5 N/A N/A 
09-97 6.42 3.37 3.8 1.73 
12-90 6.35 3.76 2 0.6 
20-05 6.43 2.99 4.82 1.22 
21-98 6.44 3.72 2.24 1.18 
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Table A.3: Raw data for Middle rib measurements of all seven samples. 
Sample 
Number  
Average 
Cortical Width 
(mm) 
Average 
Cortical Height 
(mm) 
Average 
Cancellous Width 
(mm) 
Average 
Cancellous Height 
(mm) 
03-09 2.72 8.25 3.27 7.4 
05-98 6.47 5.72 N/A N/A 
07-09 7.39 1.78 N/A N/A 
09-97 4.64 1.89 N/A N/A 
12-90 3.51 5.48 5 7.17 
20-05 4.38 11.66 N/A N/A 
21-98 5.19 5.08 5.21 3.57 
 
Table A.4: Raw data for Patella measurements of all seven samples. 
Sample 
Number  
Average 
Cortical Width 
(mm) 
Average 
Cortical Height 
(mm) 
Average 
Cancellous Width 
(mm) 
Average 
Cancellous Height 
(mm) 
03-09 6.29 2.97 6.37 6.17 
05-98 7.82 3.05 5.95 5.13 
07-09 7.96 2.61 7.95 5.63 
09-97 7.44 1.74 5.97 3.65 
12-90 7.12 7.68 3.45 11.32 
20-05 7.79 1.9 7.91 5.33 
21-98 4.57 7 5.24 7.68 
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Table A.5: Raw data for Calcaneus measurements of all seven samples. 
Sample 
Number  
Average 
Cortical Width 
(mm) 
Average 
Cortical Height 
(mm) 
Average 
Cancellous Width 
(mm) 
Average 
Cancellous Height 
(mm) 
03-09 1.27 7 9.17 6.74 
05-98 6.5 2.19 7.53 9.31 
07-09 6.18 4.24 1.71 4.12 
09-97 1.34 7.25 9.49 7.27 
12-90 2 7.21 12.87 7.74 
20-05 N/A N/A 8.25 6.3 
21-98 8.36 1.97 6 5.15 
 
Table A.6: Raw data for Cervical Vertebra measurements of all seven samples. 
Sample 
Number  
Average 
Cortical Width 
(mm) 
Average 
Cortical Height 
(mm) 
Average 
Cancellous Width 
(mm) 
Average 
Cancellous Height 
(mm) 
03-09 7.3 3.33 7.88 6.97 
05-98 N/A N/A 7.88 7.73 
07-09 5.67 4.17 7.92 3.63 
09-97 5.53 4.47 6.34 6.23 
12-90 N/A N/A 7.74 8.55 
20-05 9.22 2.89 8.96 6.43 
21-98 7.77 3.86 8.77 8.01 
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Table A.7: Raw data for First Cuneiform measurements of all seven samples. 
Sample 
Number  
Average 
Cortical Width 
(mm) 
Average 
Cortical Height 
(mm) 
Average 
Cancellous Width 
(mm) 
Average 
Cancellous Height 
(mm) 
03-09 8.38 1.83 7.32 7.04 
05-98 8.79 1.86 7.8 6.68 
07-09 5.95 4.75 3.7 3.6 
09-97 9.95 2.4 9.19 10.14 
12-90 N/A N/A 8.48 6.81 
20-05 N/A N/A 4.32 2.92 
21-98 N/A N/A 9.52 8.08 
 
 
 
Table A.8: Raw data for Third Metacarpal measurements of all seven samples. 
Sample 
Number  
Average 
Cortical Width 
(mm) 
Average 
Cortical Height 
(mm) 
Average 
Cancellous Width 
(mm) 
Average 
Cancellous Height 
(mm) 
03-09 5.25 3.49 7.81 7.06 
05-98 N/A N/A 7.99 7.82 
07-09 8.51 4.96 N/A N/A 
09-97 5.37 3.98 6.86 4.43 
12-90 1.29 4.56 7.37 4.58 
20-05 1.3 7.21 7.87 6.7 
21-98 6.5 2.06 5.73 3.24 
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Table A.9: Raw data for Third Metatarsal measurements of all seven samples. 
Sample 
Number  
Average 
Cortical Width 
(mm) 
Average 
Cortical Height 
(mm) 
Average 
Cancellous Width 
(mm) 
Average 
Cancellous Height 
(mm) 
03-09 5.39 6.07 7.22 6.09 
05-98 1.98 6.51 8.39 9.47 
07-09 6.37 5.75 N/A N/A 
09-97 10.18 2.4 10.22 5.58 
12-90 1.59 7.84 5.86 7.5 
20-05 1.22 5.98 6.22 6.66 
21-98 3.01 6.08 3.42 5.58 
 
 
A.10: Raw data for First Distal Phalanx measurements of all seven samples. 
Sample 
Number  
Average 
Cortical Width 
(mm) 
Average 
Cortical Height 
(mm) 
Average 
Cancellous Width 
(mm) 
Average 
Cancellous Height 
(mm) 
05-98 7.66 4.36 N/A N/A 
07-09 7.43 3.54 0.68 3.32 
09-97 7.55 3.49 7.55 4.2 
12-90 N/A N/A 4.32 5.38 
20-05 5.05 3.14 6.08 5.22 
21-98 1.34 5.83 2.82 3.63 
 
